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Membrane domainInvestigation of lipid lateral mobility in biological membranes and their artiﬁcial models provides infor-
mation on membrane dynamics and structure; methods based on optical microscopy are very convenient for
such investigations. We focus on ﬂuorescence correlation spectroscopy (FCS), explain its principles and
review its state of the art versions such as 2-focus, Z-scan or scanning FCS, which overcome most artefacts of
standard FCS (especially those resulting from the need for an external calibration) making it a reliable and
versatile method. FCS is also compared to single particle tracking and ﬂuorescence photobleaching recovery
and the applicability and the limitations of the methods are brieﬂy reviewed. We discuss several key
questions of lateral mobility investigation in planar lipid membranes, namely the inﬂuence which membrane
and aqueous phase composition (ionic strength and sugar content), choice of a ﬂuorescent tracer molecule,
frictional coupling between the two membrane leaﬂets and between membrane and solid support (in the
case of supported membranes) or presence of membrane inhomogeneities has on the lateral mobility of
lipids. The recent FCS studies addressing those questions are reviewed and possible explanations of eventual
discrepancies are mentioned.ical Chemistry v.v.i., Academy of Sciences of the Czech Re
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.Contents
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Biological membranes are the site of a variety of vital biochemical
processes in the cell; they act not only as a division between the
interior and the exterior of a cell and cellular organelles, but also as an
environment required for folding and activity of numerous proteins
[1,2]. In spite of often a large mass fraction of proteins, a lipid bilayer
is the key building block of each biological membrane forming its
structural matrix and providing mechanical stability and low per-
meability to ions and large molecules. The ﬂuid mosaic model of
Singer and Nicolson [3] introduced the importance of lateral mobility
of membrane components for kinetics and mechanisms of processes
associated with membranes and, thus, inspired a vivid interest in
investigation of lateral diffusion of lipids within membranes. Later
studies have shown that biological membranes are not homogeneous,
but contain domains, known as lipid rafts, differing in lipid and pro-
tein composition and in structural and dynamical parameters [2,4–9].
The membrane domains are considered highly dynamical structures,
which are involved in signalling pathways and other cellular pro-
cesses [1,10,11]; their investigation belongs, therefore, among the key
topics of current membrane biology and biophysics.
Lateral diffusion coefﬁcient of membrane lipids is one of the most
important dynamical parameters of biological membranes and, as
such, it is closely related to the membrane structure. Furthermore, it
is accessible by a variety of experimental techniques, making it a very
useful and convenient characteristic ofmembrane dynamics and orga-
nization. Since cellularmembranes are substantially complex systems,
where the lipid diffusion is inﬂuenced by rafts, proteins and inter-
actions with cytoskeleton [12–15], various artiﬁcial model systems
have been widely used to gain thorough understanding of how the
presence and size of lipid domains, interaction with proteins and
peptides and various other factors inﬂuence the lateral mobility of
lipids. Such knowledge helps to understand better the ﬁndings of
experiments in living cells and to develop theoretical models of lipid
bilayers, ultimately leading to a more detailed understanding of struc-
ture and dynamics of biological membranes [16–19].
Planar lipid membranes are frequently used in studies of lateral
mobility as models of cellular membranes. Two main types of planar
lipidmembranes are supported lipid bilayers (SLBs) [20–23] and giant
unilamellar vesicles (GUVs) [24–27]. Although the latter ones are,
strictly speaking, not planar, their large diameters (in order of tens of
µm) and, therefore, negligible local curvatures allow determination of
lateral diffusion within their membranes by the same experimental
approaches which are used in the case of SLBs [28–30]. An obvious
advantage of a GUV is that it represents a free-standing bilayer which
is in size similar to a cell. However, their preparation protocols are
rather demanding and are usually limited to conditions of low ionic
strengths [24,27,31], although protocols allowing GUV preparation
under physiological conditions have been also described [32]. An alter-
native free-standing model membrane can be prepared by spreading
a bilayer over an aperture (40–150 µm) in polytetraﬂuoroethylene
septum [33]. SLBs are formed on hydrophilic surfaces such as glass,
mica, fused silica [34,35] or self-assembled alkanethiol monolayers
[36,37] via adsorption and fusion of lipid vesicles [35,38,39] or via
Langmuir–Blodgett and Langmuir–Schaefer techniques [22,40,41].
They are easy to prepare, stable and retain their ﬂuidity thanks to a
thin aqueous layer (in the order of nm) separating the bilayer from
the support [42–44], but the proximity of the solid surface, never-
theless, inﬂuences the properties of the bilayer including lateral
mobility of its constituents [45–47]. Soft polymer layers (“polymer-
cushioned” bilayers) [39,48–51] or linear polymer spacers covalently
coupled to lipid head groups (“polymer-tethered” bilayers) [52–55]
are sometimes used to increase the distance between the solid sup-
port and the lipid bilayer. The larger distance, then, allows recon-
stitution of membrane proteins into the bilayer [48,49,56], but the
tethered lipids may obstacle lateral mobility of its constituents [53].Lipid bilayers deposited on micro particles of diameters in the range
from a few µm to tens of µm (to mimic the size of cells) represent
another alternative to SLBs [56,57]. SLBs or GUVs formed from isolated
plasma membranes form an important bridge between artiﬁcial
planar membranes and living cells [32,58,59]. The differences among
various model systems in terms of lipid lateral diffusion will be dis-
cussed in Section 5.1. Apart from being a model of biological mem-
branes, SLBs are also interesting for their technological applications as
biocompatible surfaces for sensors, medical implants or in separation
devices [20,60,61]. Biotechnological applications of SLBs represent
another motivation for investigations of their dynamical properties
such as lateral diffusion of lipids.
Experimental techniques for characterisation of lateral diffusion in
planar lipid bilayers are typically based on optical microscopy and the
three main approaches contain ﬂuorescence correlation spectroscopy
(FCS) [62–65], ﬂuorescence recovery after photobleaching (FRAP)
also known as ﬂuorescence photobleaching recovery (FPR) [66–70]
and single particle tracking (SPT) or single dye tracing (SDT) [55,71–
74]. The latter two techniques were developed primarily for charac-
terisation of mobility in membranes or microtubules [67,72,75–78];
FCS was introduced to the ﬁeld very soon after its introduction in
1970s [31,79,80]. All of the above mentioned techniques can be read-
ily used to study lateral diffusion in the membranes of living cells
allowing direct comparison with model systems [13,81–88]. We will,
however, not discuss the speciﬁcities of measurements on living cells.
In this review, we are focusing on FCS, but we will also brieﬂy intro-
duce the basic principles of the other two methods (in Section 4) in
order to discuss the main differences among them and the impact of
those on the comparability of their results. We will review the recent
progress in FCS investigations of lateral diffusion in planar lipid mem-
branes and discuss the inﬂuence of several factors including the
presence of membrane inhomogeneities, peptide and protein inser-
tion, ionic strength or frictional coupling between the two leaﬂets of
the bilayer.
2. Basic theory of lateral diffusion in membranes
The free Brownian lateral diffusion in planar systems is described
by the Einstein relation
〈r2 tð Þ〉 = 〈 r tð Þ−r 0ð Þð Þ2〉 = 4Dt; ð1Þ
where 〈r2 tð Þ〉 is themean square displacement (MSD), D is a constant
called diffusion coefﬁcient and t is time. More precisely, we should in
this sense talk about lateral self-diffusion, to distinguish this process
driven by thermal ﬂuctuations around the equilibrium from diffusion
driven by concentration gradients [89,90]. Several theories have been
developed to relate the phenomenological parameter D to the micro-
scopic properties of the diffusing molecule and the membrane. In the
case of planar lipid membranes two distinct cases are distinguished
according to the size of the diffusingmoleculeswith respect to the size
of lipids (which are the basic building blocks of the membrane). The
diffusion of molecules similar in size to lipids or smaller is usually
theoretically treated using the free area theory [91–93], while the
diffusion of proteins much larger than lipids can be treated as dif-
fusion in a viscous continuum [93–95]. According to the free area
theory, lipid molecules perform a two-dimensional random walk and
for each step a molecule requires sufﬁcient free area to move into and
certain minimal energy (activation energy Ea) to perform the step. Ea
depends on frictional coupling of the lipid with other lipid molecules,
surrounding aqueous phase and, in the case of SLBs, with the solid
surface [93]. A model was derived, which relates D to Ea, area per lipid
at given temperature a (T) and to theminimal cross-sectional area per
lipid molecule a0. Knowledge of lipid areas a (T) and a0 (obtained by
other experimental methods) allows determination of Ea from tem-
perature dependences of D. Although the free area theory is rather
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with the theoretical model justify the assumptions involved in deri-
vation of the model [91,92]. More recent molecular dynamics simula-
tions also proved the validity (at least qualitative) of predictions of
the free area theory [18]. An interesting prediction of the free area
theory is that molecules occupying area similar to lipids or smaller
should diffuse with the same D (because a diffusive step is completed
by a lipid molecule ﬁlling the void left after the tracer molecule). This
is naturally an oversimpliﬁcation, since the collective fashion of mem-
brane lipid movements allows faster ﬁlling of smaller voids, but we
may at least assume that molecules similar in occupied area move all
with the same D [93,96].
Several studies of diffusion in cellular membranes have found that
the diffusion does not obey Eq. (1), but its modiﬁcation
〈r2 tð Þ〉 = 4Dtα; ð2Þ
where the exponent 0bαb1 is called anomalous exponent and the
diffusion is referred to as anomalous (or sometimes anomalous sub-
diffusion to indicate that it is slower than free diffusion with the same
value of D) [71,74,86,89]. Theoretical studies have shown that the
anomalous diffusion can be a result of a broad distribution of jump
times, correlations between diffusing particles or multiple diffusion
rates and in cellular membranes it has been explained by lipid–
protein binding interactions and by hindrance of diffusion by im-
mobile proteins, lipid microdomains and cytoskeleton [89,97–100].
Theoretical and experimental analysis of diffusion in inhomogeneous
systems has revealed the inﬂuence that the characteristic length-
scale of the measurements ω and its relation to the characteristic size
of the obstacles have on obtained values of diffusion coefﬁcient [89,97,
101–103]. Locally, the tracer molecule may diffuse freely; its diffusion
is anomalous for intermediate values of ω and it can become normal
again for large values of ω, but with a lower D than in the absence of
obstacles. The transition to normal diffusion shifts to larger values ofω
with increasing fraction of area occupied by the obstacles [100,101].
Mobile obstacles have a less pronounced effect on the diffusion than
immobile ones [89,104].
Measured diffusion may, therefore, seem normal even in inhomo-
geneous membranes, provided the size and concentration of the ob-
stacles is small enough with respect to ω achievable by the given
experimental technique. But even in such cases it is possible to extract
some information on lateral organization of inhomogeneities in the
membrane from measurements of diffusion laws [105–107]. This ap-Fig. 1. Illustration of the principle and application of FCS diffusion laws in sub-wavelength
(diffusion time versus detection area) for free Brownian diffusion and the two cases of hind
with dynamic partitioning of tracer molecules. See text for explanation of σ2 and ρ2. (B) Com
(○) and in cytoplasmic membrane of OLN-93 cells (■). The diffusion in the SLB is free; t0
microdomains. Experimental details can be found in [107].
Reprinted with permission from The Biophysical Society.proach is based on changing the measurement length-scale ω (and,
thus, the measurement area proportional to ω2) and analyzing the
dependence of diffusion time τD (the characteristic time it takes a
tracer molecule to diffuse through the measurement area) on ω2.
For large enough values of ω (for which the diffusion is normal), the
dependence is linear [103,105]
τD = t0 +
ω2
4Deff
: ð3Þ
The intercept t0 equals 0 in the case of a free Brownian diffusion,
but it can take non-zero values when the diffusion is hindered. The
effective diffusion coefﬁcient Deff is, then, different from the apparent
diffusion coefﬁcients measured at single values of ω. Wawrezinieck
et al. [105] investigated two cases of hindered diffusion, which are
likely to be encountered in the cellular membranes. The ﬁrst system
consisted of isolated lipid microdomains, into which the tracer mole-
cule can partition with a certain probability and in which it undergoes
a slower diffusion, and the other system was an actin meshwork,
which divides the membrane into corrals. A tracer molecule diffuses
freely within a corral, but it needs certain energy to cross the barrier
to an adjacent corral. It has been shown that t0 is positive in the case
of isolated microdomains and negative in the case of a meshwork.
Furthermore, its magnitude bears information on dimensions of the
obstacles. The diffusion is normal for ω2N10ρ2 or ω2N2σ2 where ρ
and σ are radius of the microdomains or characteristic mesh size
respectively [103,105,106]. The dependencies of τD on ω2 for the two
cases are schematically depicted in Fig. 1A. Fully impermeable
obstacles lead only to a reduction in diffusion coefﬁcient and not to
non-zero values of t0. Several models have been proposed to relate the
effective diffusion coefﬁcient Deff in the presence of impermeable
obstacles to the fraction of surface area f occupied by the obstacles and
the diffusion coefﬁcient in the absence of obstacles D0 [90,105,108,
109]. According to the effective medium theory Deff=(1−2f) D0 for
values of f≤0.2 [109,110], but other authors claim that the relation
Deff=(1− f) D0 is more realistic especially for mobile obstacles [108].
3. Determination of lateral diffusion coefﬁcients by FCS
3.1. FCS in planar systems
FCS is based on a statistical analysis of time traces of ﬂuorescence
intensity I (t) originating from a small volume element of the samplemembrane structure characterisation. (A) Schematic depiction of the diffusion laws
ered diffusion discussed in [105]: cytoskeleton meshwork and isolated microdomains
parison of lipid diffusion (DiD as a tracer molecule) in SLB (DOPC/DOPS=4/1) on mica
=(0.2±1.6) ms. The higher value of t0=(8±1) ms in the case of the cells indicates
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tal setup the detection volume is deﬁned by the focus of a confocal or
multiphoton ﬂuorescence microscope [111–113] and, in the case of a
two-dimensional sample like a planar lipid bilayer, it is actually
deﬁned by the intersection of the focus and the plane of the sample. In
that case it can be described by a diffraction limited two-dimensional
Gaussian proﬁle [62,111,114]. Normalized autocorrelation functions G
(τ) of the intensity time traces are constructed
G τð Þ = 〈I tð ÞI t + τð Þ〉
〈I tð Þ〉
2 ; ð4Þ
where the pointed brackets represent averaging over all values of
time t. The shape of the autocorrelation function bears information on
the time-scale of ﬂuorescence intensity ﬂuctuations. The ﬂuctuations
are caused mainly by translational diffusion of molecules in and out of
the detection volume and photochemical processes like intersystem
crossing to a nonﬂuorescent triplet state. Fluctuations due to lateral
diffusion happen mostly on a millisecond to second time-scale, while
photochemical processes are usually much faster and their contribu-
tions can be, thus, separated [65,111,112,115].
In the case of a Brownian diffusion in a two-dimensional Gaussian
proﬁle, the theoretical shape of G (τ) is given by
G τð Þ = 1 + 1
N
1
1 + τ = τDð Þ
; ð5Þ
where τD is the diffusion time, and N is the particle number (average
number ofﬂuorescent particleswithin the detection volume) [62,116].
Thompson introduces a geometrical factor γ into the expression for
autocorrelation function (5), which changes the deﬁnition of particle
numberN; γ is equal 0.5 in the case of a two-dimensional sample [62].
Since the deﬁnition of N depends only on the deﬁnition of the size of
the detection area, we adopted the onewithout the factor γ in this text
in consistency with the form of the autocorrelation function (5) given
above. To account for ﬂuorescence ﬂuctuations caused by intersystem
crossing to a nonﬂuorescent triplet state, an average fraction of ﬂuoro-
phores in triplet state T and intersystem crossing relaxation time τT
need to be introduced into Eq. (5) [35,117,118]
G τð Þ = 1 + 1−T + T exp −τ = τTð Þ½ 
1
N 1−Tð Þ
1
1 + τ = τDð Þ
: ð6Þ
If more populations of ﬂuorophores with different diffusion times
exist in the sample, Eq. (6) is changed to
GM τð Þ = 1 +
∑
M
i=1
Q2i Figi τð Þ
N ∑
M
i=1
QiFi
" #2 ;
gi τð Þ =
1−Ti + Ti exp −τ= τTið Þ
1−Ti
1
1 + τ= τDið Þ
;
ð7Þ
where Fi is the fraction of ﬂuorophores diffusing with diffusion time
τDi [62,119] andN is the total particle number of allﬂuorescent species.
The detection efﬁciency Qi of each ﬂuorescent species depends on
its quantum yield, ﬂuorescence lifetime and spectral properties. The
increasing number of components M increases the probability of
numerical instability of the ﬁts of experimentally obtained autocor-
relation functions with model (7), because of a higher number of free
parameters [120,121].
To describe anomalous diffusion, the anomalous exponent α de-
ﬁned in Eq. (2) has to be included in an appropriate model of auto-
correlation function. The term τ/τD in Eqs. (5)–(7) is, then, replacedby the term (τ/τD)α [105,120,122,123]. For example Eq. (5) assumes
the form (8):
G τð Þ = 1 + 1
N
1
1 + τ=τDð Þα
: ð8Þ
The parameters of interest τD and N are extracted from the experi-
mentally obtained autocorrelation function G (τ) via non-linear ﬁt-
ting with appropriate theoretical models (5)–(7) or by a linear ﬁt with
a linearized form of Eq. (5) [62,124]. It is rather complicated to analyze
the accuracy of their determination, because of their highly non-linear
relation to the measured ﬂuorescence ﬂuctuations [125,126]. Several
methods have been developed for that purpose [126–128]. The signal-
to-noise ratio in FCS is the highest when there is on average about one
ﬂuorescent molecule in the detection volume [129,130]. This means
that very low concentrations of ﬂuorescentmolecules are optimal and,
therefore, FCS is sometimes considered a single-molecule technique,
although the autocorrelation curve always contains averaged con-
tributions from a large number of molecules [65,131,132]. In the case
of characterisation of lipid lateral diffusion, the optimal molar ratio
of ﬂuorescently labelled tracer to native lipid depends on the actual
size of the detection area, but for the usual confocal setup it is typically
about0.5–2·10−5 [46,51,129,133]. A reduced sizeof thedetectionvol-
ume, which is encountered for example in the case of two-photon FCS
or several other special techniques [103,131,134–136], allows FCS
measurements with higher ﬂuorophore concentrations.
High intensity of excitation light is not required for FCS; low exci-
tation intensity is needed to avoid artefacts due to photobleaching
and optical saturation, which occurs when an increased number of
molecules within the detection volume are not in the ground state
but in an excited or triplet state, leading to a loss of proportionality
between excitation and ﬂuorescence intensities [111,112,137]. On the
other hand, excitation intensity should be high enough to reach suf-
ﬁcient molecular brightness (the average number of photons detected
per ﬂuorophore per unit of time), because the higher the molecular
brightness, the higher the signal-to-noise ratio is; a tenfold reduction
of excitation power would result in a need for approximately a hun-
dred times longer measurement to reach a comparable statistical
accuracy [130,137,138]. The maximal excitation intensity at which no
photobleaching or saturation artefacts appear depends on the photo-
physics of the ﬂuorescent tracer under given conditions and on the
average time it resides in the illuminated area (which depends on
detection area size and the tracer diffusion rate) [139]. For typical
organic ﬂuorophores, excitation intensities should be much lower
than 30 kW cm−2, a value which corresponds for usual microscopic
objectives to excitation powers of approximately 100 µW [111,137].
Several authors have found excitation powers below 10 µW optimal
for FCS measurements in lipid membranes [46,51,140]. The problem
with photobleaching is especially serious in the case of measurements
of lateral diffusion in cellular membranes or in gel phase domains of
model membranes, where the slowly diffusing molecules reside for
longer times in the detection area [86,129,138,141–143], and in two-
photon FCS, which suffers from stronger photobleaching and satu-
ration effects in the focus of themicroscope due to high intensities and
pulsed excitation [138,144] (although it is known to cause less photo-
bleachingoutside the focuswhen compared to standard confocal setup
[131,138,145,146]). Several scanning approaches, which will be dis-
cussed later (Section 3.4), have been developed to overcome the
problems with photobleaching and saturation [141,147–149].
The physically most relevant parameter describing the lateral dif-
fusion, the lateral diffusion coefﬁcient D, can be extracted from τD
using the following relation
D =
ω2
4τD
; ð9Þ
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intensity drops by e−2 [62,64,129]. In a similar manner the surface
concentration cS of the ﬂuorophore can be extracted from N, but
we are going to concentrate here on the diffusion coefﬁcient and its
determination solely. The radius ω, which describes the size of the
detection area, can be calibrated by FCS measurements of diffusion
times of ﬂuorophores with known diffusion coefﬁcients [34,150]. The
calibration measurement is typically performed in a solution of the
reference ﬂuorophore and its diffusion time is found by ﬁtting the
measured autocorrelation function with a model for three-dimen-
sional diffusion assuming a three-dimensional Gaussian shape of the
detection volume [115,150]. Since the real shape of the detection
volume differs from the assumed one (because of beam astigmatism,
refractive index mismatch and other artefacts) and, furthermore, the
radius of the beam-waist in the reference solution may vary from that
in the sample of interest (because of differences in refractive indices),
the calibration procedure introduces errors to the determination of D
by FCS [65,111,112,129,151].
FCS in planar systems suffers also from errors caused by irre-
producible axial positioning of the very thin sample (approximately 4
or 5 nm in the case of planar lipid membranes) within the detection
volume, which can extend over a few µm in the axial direction [65,
111]. If the plane of the sample does not coincide exactly with the
waist of the focus, the divergence of the beam leads to a larger de-
tection area and, thus, larger N and τD. Positioning the sample by
searching for the highest ﬂuorescence intensity does not guarantee
reproducibility, because the beam-waist does not necessarily coincide
with the highest ﬂuorescence count rate (see Fig. 2) [129]. The inac-
curacies associated with external calibration may together cause
that the measured values of D vary by factor 2 or larger [152]. Those
problems motivated development of several calibration-free FCS
techniques, which avoid the need for an external calibration thanks to
having an intrinsic ruler, which can be for example the precisely
known distance between two foci in the 2-focus FCS [114,153,154]
or step-size in Z-scan FCS [129] and various forms of scanning FCS
[147,148,155,156].
3.2. 2-focus FCS
In 2-focus FCS the distance d between two foci is used as an
intrinsic ruler [65]. Autocorrelation functions GA (τ) for each focus and
the cross-correlation function GC (τ) between the two foci are calcu-Fig. 2. An example of lipid diffusion measurement by Z-scan FCS in a SLB (POPC/POPG=7/3
inﬂuence of the axial sample position on the size of the detection area (and, thus, on N and τD
and temporal decay with position can be observed. The values of ΔZ for each curve are given
with parabolas described by Eq. (11); the photon count rate per molecule (Δ the total ﬂuore
axial intensity proﬁle in the focus [87,118], and its maximum coincides with the minima of τ
the aqueous phase above the SLB). The shift is very pronounced most likely because of insulated. Assuming Gaussian detection volumes and autocorrelation
functions GA (τ) described by Eq. (5), the theoretical form of GC (τ) is
GC τð Þ = 1 +
1
N
ω2
4Dτ + ω2
exp
−d2
4Dτ + ω2
 !
: ð10Þ
Global ﬁt of individual autocorrelation functions and GC (τ) yields,
therefore, values of D andω provided d is known. The accurate knowl-
edge of d is essential, since the error of diffusion coefﬁcient determi-
nation scales quadratically with the error in d [114]. Characterisation
of fast diffusion requires a very small interfocal distance, which can be
very precisely achieved using a Nomarski prism and two lasers with
orthogonal polarizations, which create two overlapping foci. Spatial
crosstalk between the two foci is avoided by alternate pulsing of the
lasers [114,157]. Another method of 2-focus FCS uses alternate scan-
ning of two parallel lines; this approach is convenient for measure-
ments of slow diffusion in membranes [59,153,155].
3.3. Z-scan FCS
The technique is based on measuring ﬂuorescence autocorrelation
functions G (τ) at different positions of the sample along the optical
axis of the microscope (the Z axis) with a step-size typically of 100 or
200 nm, thus changing the distance ΔZ between the sample and the
waist of the focus. Diffusion time τD and particle number N depend
quadratically on ΔZ [62,129,158]
τD ΔZð Þ =
ω20
4D
1 +
λ2Δ2Z
π2ω40
 !
; N ΔZð Þ = N0 1 +
λ2Δ2Z
π2ω40
 !
; ð11Þ
where λ is the wavelength of the excitation light in the medium of the
sample and N0=π ω02 cs is the particle number in the waist of the
focus, where the e−2 radius of the detection area equals ω0. Parabolic
ﬁts of the measured dependencies of τD and N on ΔZ with Eq. (11)
yield the physically relevant parametersD, cS andω0 togetherwith the
exact Z position of the focus waist [62,129]. Fig. 2 illustrates the
principle of Z-scan FCS and shows an example of data measured in a
SLB.
Z-scan FCS has been also successfully applied to lateral diffusion
measurement in the presence of an excess of ﬂuorescent molecules,
which are not associated with the membrane and perform a three-) on glass. Experimental details can be found in [200]. (A) Schematic illustration of the
). (B) A set of autocorrelation curves obtained within a Z-scan; the change in amplitude
in the ﬁgure. (C) Dependencies of several parameters on ΔZ; N (■) and τD (○) are ﬁtted
scence count rate divided by N) is ﬁtted with a Lorentzian function, which describes the
D and N at ΔZ=0; the total ﬂuorescence count rate (♦) (intensity) is shifted to ΔZb0 (to
fﬁcient removal of non-bound vesicles.
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for molecules partitioning only weakly to the membrane [159]. The
autocorrelation functions can be, then, ﬁtted with a model containing
contributions from both two- and three-dimensional diffusion
[120,129,159]
G τð Þ = 1 + 1−T + T exp −τ = τTð Þ½ 
1
1−Tð Þ
×
A3
1 + τ = τD3ð Þ
1
1 + τ=τD3 ω0 =ωZð Þ2
 1
2
+
A2
1 + τ = τD2ð Þ
" #
;
ð12Þ
where τD2 and τD3 are the diffusion times of molecules diffusing in
two and three dimensions respectively; ωZ is the characteristic axial
dimension of the detection volume. τD3 is determined by a measure-
ment in bulk solution and the amplitudes A2 and A3 and the Z-position
dependant lateral diffusion times τD2 (ΔZ) are found by ﬁtting of the
autocorrelation functions obtained during a Z-scan. More reliable
values are, thus, obtained then by ﬁtting just a single autocorrelation
curve with Eq. (12). The dependence of the amplitudes A2 and A3 on
ΔZ is nontrivial and reﬂects the changes in the fraction of membrane-
associated ﬂuorescent molecules and in the ratio of the detection
efﬁciencies of molecules in aqueous phase and molecules associated
with the membrane. Only the values of the amplitudes at a well-
deﬁned position when the membrane is in the focus (ΔZ=0) are
suitable for further quantitative considerations concerning particle
number N and the fraction of membrane-associated molecules [159].
Another interesting feature of this technique is that each Z-scan
contains inherently a diffusion lawmeasurement (see Section 2) since
autocorrelation functions for several sizes of detection area are
acquired. Combining Eqs. (3) and (11), we obtain a linear dependence
of τD (ΔZ) on N (ΔZ)/N0 [107,160,161]
τD = t0 +
ω20
4Deff
N
N0
: ð13Þ
Z-scan FCS can, therefore, distinguish a free diffusion from a
hindered one and identify the nature of the obstacles according to
diffusion laws, providing, thus, indirect information on the membrane
structure at a scale below the diffraction limit [65,107]. An example of
the use of Z-scan FCS to probe diffusion laws in membranes is shown
in Fig. 1B, which compares free diffusion of a ﬂuorescent lipid analo-
gue in a SLB and its diffusion in plasma membrane of living cells,
where it is hindered by microdomains.
Investigation of very slow diffusion by Z-scan FCS is limited by the
temporal stability of the sample axial positioning, because autocor-
relation curves have to be recorded in several positions deﬁned with
at least 100 nm accuracy [65]. Thermal undulations of free-standing
membranes also add to the temporal instability [152]. Axial move-
ments of the membrane can be, then, reﬂected in the autocorrelation
curve as an apparent additional slow diffusion [65]. Deviations of τD
(ΔZ) and N (ΔZ) from the assumed parabolic shape (11) caused by
distortions of the detection volume shape form another possible
source of artefacts in Z-scan FCS.
The axial distance of the focus from the microscope objective
depends on the wavelength of the excitation light. When performing
a Z-scan of a sample containing ﬂuorophores excited by different
wavelengths, the minima of the parabolas (11) for each excitation
wavelength are shifted in Z [159]. The shift of the minima represents
a problem for dual colour ﬂuorescence cross-correlation spectro-
scopy in the Z-scan mode. The axial position for performing a cross-
correlationmeasurement has to be selected as a compromise between
the minima of the parabolas for the two excitation wavelengths of
interest.3.4. Scanning FCS
Slow diffusion requires long measurement times to gain a suff-
icient statistical accuracy of the autocorrelation function (103–104
times longer than the relevant diffusion time τD [64,65]). Long mea-
surements often suffer from artefacts caused by instabilities in the
experimental setup and the sample and, therefore, several scanning
FCS approaches have been developed, which can reduce the time
needed for characterization of slow diffusion in membranes [148,156,
162–164]. Instead of waiting for the ﬂuorescent molecules to diffuse
through the detection area, the focus of the microscope is moved with
respect to the sample along a line [143,148,155,165] or a circle [147,
156,166] and the residence time of molecules within the detection
area is, thus, decreased. Furthermore, the knowledge of the scanning
speed (or the radius of the circular scan) avoids the need for external
calibration [147,155,163]. Very slow diffusion in membranes can be
investigated by image correlation spectroscopy (ICS), which performs
spatial correlation of images recorded by a laser scanning microscope
[167]. Spatiotemporal image correlation spectroscopy (STICS) is
an extension to ICS and allows measurements of diffusion and ﬂow
velocities even in the presence of signiﬁcant fraction of immobile
ﬂuorophores [149]; similar information is accessed by a related tech-
nique called k-space image correlation spectroscopy (kICS), which
uses transformation to the reciprocal space [163]. Reduction of the
scanned area to a raster of points in raster image correlation spectro-
scopy (RICS) yields temporal resolution comparable to single-point
FCS allowing investigation of rapid diffusion, while retaining the
spatial information which contains information on slower dynamics.
Very broad dynamic range of molecular diffusion is, therefore, acces-
sible by RICS [168–170].
3.5. Surface conﬁned FCS
As has been already mentioned, the size of a confocal detection
volume reaches a few µm in the axial direction [111] and, therefore, if
ﬂuorescent molecules are present in the solution surrounding the
planar membrane, their ﬂuorescence can contribute signiﬁcantly to
the detected signal masking, thus, the signal originating from the
membrane. Such effect causes difﬁculties especially in cases when the
afﬁnity of the ﬂuorescent molecules to the membrane is low and in
measurements in cellular membranes, where, for example, endocy-
totic vesicles usually diffuse on a time-scale similar to that of mem-
brane lipids [64,65]. The problem is usually solved by conﬁnement of
the detection volume to a surface, which can be reached by using
evanescent wave in total internal reﬂection (TIR) FCS [171,172],
surface generated ﬂuorescence in supercritical angle (SA) FCS [173] or
by conﬁning the detection volume to optical nanostructures called
zero-modewaveguides [134,174,175]. A different approach toﬁltering
out the contribution ofﬂuorophores, which are not associatedwith the
membrane, is using the shortening of ﬂuorescence lifetime in the
vicinity of a conducting surface and a technique called ﬂuorescence
lifetime correlation spectroscopy (FLCS) [133].
The total internal reﬂection occurs when light propagating
through a medium of a higher refractive index n1 (i.e. glass) enc-
ounters an interface with a medium of a lower refractive index n2
(i.e. water) at an angle of incidence larger than the critical angle
ϕC=arcsin (n2/n1). No light propagates through themediumwith the
lower refractive index n2 and ﬂuorophores, located in the medium,
can be excited only in the vicinity of the interface, where the expo-
nentially decaying evanescent ﬁeld reaches. The penetration length
of the evanescent ﬁeld depends on the angle of incidence, wavelength
of the light and refractive indices and can be well below 100 nm
[171,172], attaining signiﬁcant axial conﬁnement of the detection
volume. The lateral dimensions of the detection volume are, however,
rather large (in µm range) and a pinhole in the image plane is
necessary for lateral conﬁnement of the detection area. The main
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around the detection area [65,171]. Alternatively, a detector offering
spatial resolution such as an electron multiplying charge-coupled
device (EMCCD) placed in the image plane of the microscope can be
used, which circumvents the need for detection area conﬁnement by a
pinhole and a larger part of the illuminated area can contribute to the
signal. EMCCD based detection allows simultaneous measurement in
many points within sample and analogous information like in STICS
can be acquired from the analysis of both the temporal and spatial
correlations. The approach (called imaging TIR FCS–ITIR FCS) is also
calibration-free, because the well known size of the pixels on the
EMCCD serves as an intrinsic ruler [176–178].
Conﬁnement of the detection volume in both axial and lateral
direction can be achieved by SA FCS, which is based on collecting
exclusively the ﬂuorescence emitted at angles above the critical angle.
Construction of an objective for SA FCS and a detailed description of
the method are given by Ries et al. [173].
Zero-mode waveguides are optical waveguides of sub-wavelength
dimensions in which no propagating light modes exist. They are
usually realized as nano-sized apertures in a thin metal ﬁlm on a
dielectric substrate (such as fused silica) and provide supreme lateral
and axial detection volume conﬁnement. Fluorescence is in this case
excited by an evanescent ﬁeld with short decay length (15–35 nm),
which is conﬁned to the bottom of the sub-wavelength apertures
forming the waveguides [103,134,174]. Diffusion laws have been
investigated by this method using holes of varying size [103].
Interpretation of autocorrelation functions can be difﬁcult because
of nontrivial conformations of the membrane within the nanostruc-
tures. More rigid membranes such as those in gel phase may not be
able to invaginate into the nanostructures [134].
4. Comparison of FCS with FRAP and SPT
The other two techniques for lateral diffusion investigation based
on optical microscopy (FRAP and SPT) are also frequently used.
Different experimental technique may sometimes lead to different
results, which can be explained mainly by the differences in length-
and time-scale (ω and tm respectively) probed by the techniques or by
the variations in their sensitivity to imperfections in the sample
[71,132,179]. Care is needed for the comparison of ﬁndings obtained
by different methods and the possible discrepancies and their sources
should be kept in mind. We will, therefore, introduce brieﬂy the
principles of FRAP and SPT (which are schematically illustrated in
Fig. 3) and outline the possible effects the choice of the method may
have on the results.
SPT is a true single-molecule technique; it is based on recording
the positions r of tracer molecules in the plane of the membrane at
certain time intervals and calculating MSD for each time interval.
Diffusion coefﬁcient is, then, calculated from the dependence of MSD
on measurement time tm according to Eq. (1) for normal or (2) for
anomalous diffusion [132,180,181]. Alternatively, probability distri-
butions of the square displacements may be used for analysis of the
data [71] (see Fig. 3B).Whether diffusion is normal or not and how the
character of diffusion depends on the measurement length-scale ω
can be directly deduced from the dependence of MSD on tm. The
length-scale of the measurement is related to the time interval tm via
the diffusion coefﬁcient D of the studied tracer molecule tm∼ω2/4D
[180].
SPT is typically realized using a wide ﬁeld microscope (or TIR
microscope) and the images are recorded by a cooled CCD camera
with high sensitivity. The tracer molecules are labelled either with
gold nanoparticles [179–181], which are detected by differential
interference contrast, or with single ﬂuorophores [71–73]. Long
measurements are needed to acquire a sufﬁcient statistical accuracy
of the square displacements, which impose a requirement of high
photostability on the ﬂuorophores used for SPT. Gold nanoparticles orﬂuorescent quantum dots are advantageous for their stability
[181,182], but organic ﬂuorophores represent a less heterogeneous
element in the membranes than relatively bulky nanoparticles
(∼30 nm), which is especially important for measurements in living
cells [9]. Hochstrasser and co-workers used a ﬂuorescently labelled
protein dynamically associating with lipids of the bilayer. The protein
was diffusing freely in the aqueous phase and spontaneously binding
to lipids, after which it diffused laterally along the bilayer for periods
of time sufﬁcient for performing SPT. The approach does not require
addition of any labelled lipids to the membrane and the aqueous
phase represents an inﬁnite reservoir of unbleached tracer molecules,
which keep continuously replacing the bleached membrane-associ-
ated ones [183].
The accurate localization of the tracer molecule is a key step in SPT.
By ﬁnding the centre of the Gaussian distribution of intensity
originating from the tracer, its position may be determined with
accuracy in the range of nm to a few tens of nm depending on the
signal-to-noise ratio [71,179,180,184–187]. Very low concentrations
of tracer molecules (b0.1 µm−2) are necessary for SPT in order to
make trajectories of individual molecules distinguishable [71,132].
The main advantage of SPT lies in possibility to observe and analyze
the mode of diffusion of individual molecules with a very high spatial
resolution, which enables a direct identiﬁcation of the length-scale of
membrane inhomogeneities. Furthermore, no a priori assumptions
concerning the mode of diffusion are necessary for the analysis. The
wealth of information is earned by long measurement times, which
complicate the use of SPT in routine measurements.
FRAPmeasures the kinetics of recovery of ﬂuorescence intensity in
an area of the membrane where the ﬂuorophores have been bleached
by a powerful laser pulse. Since the photobleached ﬂuorophores are
irreversibly damaged, the recovery of ﬂuorescence is a result of
diffusion of molecules from areas of membrane unaffected by the
bleaching pulse [67,132,179]. Fitting the recovery curve with an
appropriate model yields diffusion time τD and the diffusion
coefﬁcient D is calculated according to Eq. (9), where ω is the size
of the bleaching spot [67,68,188]. A correction factor γ is sometimes
introduced to Eq. (9) to account for incomplete photobleaching
within the detection area [67,179]. ω is typically in the range of µm
and, thus, much larger than the length-scale in SPT and FCS. The use of
a smaller bleaching spot deﬁned by a diffraction limited laser focus
should result in a better comparability with FCS [180], however a
smaller value of ω implies a requirement of higher temporal
resolution tm, limiting the applicability of confocal FRAP essentially
to measurements of slow diffusion [170]. A version of FRAP, called
scanning microphotolysis (SCAMP), combining diffraction limited
bleaching spots with laser scanning microscopy, yields maps of
diffusion coefﬁcients with diffraction limited spatial resolution [189].
Its temporal resolution is severely limited by the image repetition rate
of the microscope; it can be, however, improved by scanning over a
single line (LINESCAMP) [190].
Several theoretical models have been proposed to describe the
shape of the recovery curve for various intensity proﬁles of the
bleaching pulse, a two-dimensional Gaussian proﬁle being the most
frequently used one [67,70,179,188,191]. Fluorescence pattern photo-
bleaching recovery (FPPR) uses a large detection area and a bleaching
pulse in the form of a periodic pattern of stripes with a well-deﬁned
spatial period created by a ruling in the back image plane. The
ﬂuorescence intensity then recovers by diffusion of molecules from
non-illuminated stripes to the bleached ones [192,193]. The depth of
photobleaching (the ratio of ﬂuorescence intensity immediately after
the bleaching pulse I (0) to the initial intensity I (tb0)) should be
between 30 and 70%. Higher extent of bleaching results in a very low
ﬂuorescence signal and, thus, lower signal to noise ratio in the initial
phase of the recovery, while low bleaching results in a less distinct
shape of the recovery curve and fast chemical recovery of ﬂuor-
ophores, which have not been irreversibly bleached, may become a
Fig. 3. A schematic illustration of the principles of FRAP (A) and SPT (B). (A) A short photobleaching pulse of high intensity at t=0 bleaches the ﬂuorophores located within the
detection area (photobleached ﬂuorophores are depicted as open circles in the schematic drawings). Diffusion of molecules results in an exchange of ﬂuorophores between the
detection area and its surroundings, which is manifested by an increase in ﬂuorescence intensity. If all molecules in the sample are mobile, a complete exchange of ﬂuorophores in
the detection area is reached after some time and the intensity recovers its original value (I (∞)= I (tb0)). Fitting of the measured recovery curve (intensity versus time) with an
appropriate model yields the diffusion time and the asymptotic value of intensity I (∞) that can be used to calculate the fraction of immobile molecules according to (14). (B) SPT
records the positions of a ﬂuorophore with a certain time interval tm (the leftmost ﬁgure). The square displacements r2 for each interval tm and its multiples are calculated. The
dependence of the MSD on the time interval is linear in the case of a free diffusion and its slope is, according to Eq. (1), proportional to D (the ﬁgure in the middle). Alternatively the
probabilities P (r2, tm) that the molecule stayed within a circle of radius r during the time interval tm can be analyzed [71]. For given interval tm the cumulative histogram of square
displacements is constructed and ﬁtted by a theoretical model; in the case of free diffusion it is P (r2, tm)=1−exp (−r2/ω2), where ω2(tm)=4Dtm (the rightmost ﬁgure). Both
methods of analysis are equivalent for free diffusion, but the latter one is more convenient for multicomponent diffusion [71]. The trajectories were generated by Monte Carlo
simulations.
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intensity of the bleaching pulse and by its duration, however it is
recommended that the duration of the pulse does not exceed 1/15 of
the relevant diffusion time, because most theoretical models assume
that no recovery happens during the duration of the bleaching pulse
[67,70]. Since the recovery process is the fastest in its initial phase,
accurate synchronization of the bleaching pulse and data acquisition
is crucial for obtaining correct and reproducible values. The problems
caused by the complexity of the real bleaching spot intensity proﬁle,
synchronization of the bleaching pulse with data acquisition or partial
recovery during the bleaching pulse duration can be to a large extent
solved by analysis of microscopic images of the bleached area using
spatial Fourier transform [194], Hankel transform [195] or a recently
developed method based on convolution of the ﬁrst post-bleach
image with the solution of the diffusion equation [196].FRAP uses high concentration of ﬂuorescentmolecules in the range
of concentrations used in ﬂuorescence imaging studies (N100 µm−2)
[132]. When an immobile (within the time-scale of the experiment)
fraction of ﬂuorophores is present in the sample, the recovery is
incomplete and the fraction of immobile ﬂuorophores Fim can be
determined from the difference between the initial intensity I (tb0)
and the intensity after the recovery process has ﬁnished I (∞) follow-
ing Eq. (14) [76,179,197,198].
Fim =
I tb0ð Þ−I ∞ð Þ
I tb0ð Þ−I 0ð Þ : ð14Þ
In general, it can be concluded that FRAP is more suitable for
measuring slower diffusion than FCS and it is more robust in the
presence of a signiﬁcant fraction of immobile ﬂuorophores. Thanks to
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qualitative proof of membrane ﬂuidity in studies based on ﬂuores-
cence imaging [199,200].
The ﬁrst study comparing systematically lateral diffusion mea-
surements by FRAP, SPT and several FCS approacheswas conducted by
Wohland et al. [132]. They measured diffusion in ﬂuid 1-palmitoyl-2-
oleoyl-phosphocholine (POPC) SLBs on glass and Z-scan FCS yielded
DZ=(4.8±1.1) µm2 s−1, ITIR FCS DITIR=(1.5±0.5) µm2 s−1, FRAP
DFRAP=(1.8±0.2) µm2 s−1 and by SPT they obtained DSPT=(4.1±
3.9) µm2 s−1. An explanation for the discrepancy in the results can be
sought in the different length-scales probed by the techniques. The
diameter of the bleached spot in FRAPwas 5–6 µm,while the diameter
of laser focus in Z-scan FCS was only approximately 500 nm. The
overall detection area in ITIR FCS is similar to FRAP, but within
this area, diffusion is probed with resolution given by the size of an
individual pixel, which is similar to detection area in FCS. The lower
value ofDITIR ismost likely causedby the limited temporal resolutionof
the method (4 ms). The large standard deviation of DSPT indicates a
broad distribution of diffusion rates, which is probably responsible for
the differences among the other methods based on their spatial and
temporal resolution. Schmidt et al. found by SPT a decrease in diffusion
coefﬁcient in SLBs at approximately 100 nm length-scale, which they
attributed to inhomogeneities in SLBs [72].5. Factors inﬂuencing lipid diffusion in planar membranes
5.1. Supported versus free-standing membranes and aqueous phase
composition
Planar lipid membranes are usually studied as a simpliﬁed model
of biological membranes. Applicability of the ﬁndings obtained with
planar lipid membranes to the case of membranes of living cells is,
therefore, a frequently discussed problem. GUVs are regarded a more
realistic model, but SLBs and their variations remain a very attractive
alternative thanks to their stability and well-deﬁned geometry facili-
tating characterization with a broad range of experimental techniques
[52,201]. It has been obvious for a long time that the solid surfaceTable 1
Selected published values of diffusion coefﬁcient obtained by FCS.
Modela Compositionb Tracerb T [°C]c
GUV DLPC DiI-C20 23
GUV DLPC DiI-C20 25
GUV DLPC DiI-C18
GUV DOPC/SM/Chol 2/2/1 DiO 20
GUV DOPC/DSPC 1/1 DiI-C18
GUV DOPC/DSPC/Chol 5/5/2 DiI-C18
GUV DOPC/DSPC/Chol 1/1/1 DiI-C18
GUV DLPC/DPPC 3/2 DiI-C20 25
GUV POPC DiI-C18
SLB m DOPC Rh DHPE
SLB m DOPC/Chol 7/3 Rh DHPE
SLB m DOPC Rh DHPE
SLB q DLPC Rh DMPE 23
SLB m DOPC/SM/Chol BodChol
SLB m DOPC/SM/Chol DiD
FPM DPhPS Rh DOPE
a Abbreviations: m, mica; g, glass; q, quartz; FPM, free-standing planar membrane, see th
b Abbreviations: DLPC, dilauroyl-phosphocholine; DOPC, dioleoyl-phosphocholine; DSPC
phosphoserine; SM, sphingomyelin; Chol, Cholesterol; DOPE, dioleoyl-phosphoethanolamin
c Ambient if not speciﬁed otherwise.
d Phase speciﬁed if more phases coexisted in the sample.
e Abbreviations: sp, single-point FCS; Z, Z-scan FCS; 2-fs, 2-focus scanning FCS.inﬂuences properties including the lipid diffusion coefﬁcient of the
membrane in its vicinity [29,44,47,49], but until the work of Przybylo
et al. [46], a quantitative comparison of the lipid diffusion in GUVs and
SLBs was missing. Table 1 presents examples of published values of
lipid diffusion coefﬁcient measured by FCS in planar membranes of
various types and compositions. A rather broad distribution of mea-
sured values is most likely a result of variations in experimental co-
nditions between individual studies and indicates that experiments
under otherwise identical conditions are necessary for a quantitative
comparison of model membrane systems. Ionic strength and sugar
concentration belong among the factors responsible for variations
among the studies, apart from errors caused by inaccurate calibration
in single-point FCS. While GUVs are usually investigated under very
low ionic strengths (required in the typical preparation protocols)
[24,28,202], physiologically more relevant conditions (100 or 150 mM
NaCl) are common in SLB studies [71,129,153,161,203]. A decrease in
lipid diffusion coefﬁcient with increasing concentration of NaCl has
been observed both by FCS and molecular dynamics simulations
[19,204]. Furthermore, GUVs are often stabilized by sugars such as
glucose or sucrose [16,46,156,205]. FCS experiments and molecular
dynamics simulations have shown slower lipid diffusion in the
presence of various monosaccharides and disaccharides attributed
to hydrogen bonding of sugar molecules to phosphate groups of
several lipid molecules [205–207]. Sucrose produces the strongest
effect reducing diffusion coefﬁcient of lipids up to 3 times (at 1.5 M
concentration) [205,207]. Przybylo et al. found that under identical
conditions (150 mOsm glucose solution) the lipid diffusion coefﬁcient
in DOPC GUVs DGUV=(7.8±0.8) µm2 s−1 is more than 2 times higher
than in SLBs of identical composition on mica, where DSLB=(3.1±
0.3) µm2 s−1. That result is supported by the ﬁndings of later studies
[132].
5.2. Surface–membrane interactions
Since the solid support inﬂuences thedynamics of the lipid bilayers,
the next question to address is how different supports vary in their
inﬂuence on lipid diffusion. Mica is often regarded as a perfect sup-
port for lipid bilayers, because it exhibits relatively large areas ofPhased FCSe D [µm2 s−1] Ref.
sp 4.4±0.9 [86]
sp 3.0±0.6 [218]
sp 6.5±0.5 [216]
Lα
d Z 6.1±0.5
Lα
o 2.5±0.2 [222]
Lα
d sp 6.5±0.4 [219]
Lα
d sp 5.1±0.4
Lα
o 0.13±0.02 [219]
sp 1.4±0.1 [219]
Lα
d sp 5±1
Lβ 0.020±0.004 [218]
RICS 7±3 [170]
Z 4.2±0.4 [129]
Z 1.1±0.2 [129]
Z 4.0±0.5 [129]
sp 2.6±0.2 [203]
Lα
d 2-fs 3.4±0.3
Lα
o 0.11±0.02 [153]
Lα
d 2-fs 1.5±0.1
Lα
o 0.16±0.04 [153]
sp 8.1±0.4 [33]
e reference for details.
, distearoyl-phosphocholine; DPPC, dipalmitoyl-phosphocholine; DPhPS, diphytanoyl-
e; DHPE, dihexadecanoyl-phosphoethanolamine; Rh, Rhodamine; Bod, Bodipy.
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However, some authors propose that the ﬂatness of the surface
facilitates membrane-support interactions, while the roughness of
other surfaces such as glass results in formation of a thicker aqueous
layer between the SLB and the solid support [44,45,208]. The
importance of the aqueous layer on lateral mobility is also illustrated
by the study of Renner et al., who obtained by Z-scan FCS a lower
diffusion coefﬁcient in a SLB on a polymer cushion DPEMA=(2.5±0.2)
µm2 s−1 than on mica Dmica=(6.4±0.6) µm2 s−1. The observed
difference is attributed to lower hydrophilicity of the polymer cushion,
which has an impact the on properties of the aqueous layer [51]. Since
SLBs follow rather closely the corrugations of the support [208,209],
very rough surfaces may cause apparent slowing of diffusion resulting
from a larger actual bilayer area present in the detection area, which
was experimentally proved for the extreme case of a bilayer on silica
xerogel [210]. Benda et al. obtained identical (within the experimental
error) values of D in SLBs on mica, glass and glass covered with
indium–tin oxide [129,133]. Starr and Thompson found differences
between SLBs on fused silica, TiO2 and SrTiO3 and also between SLBs
prepared by Langmuir–Blodgett technique and by vesicle adsorption
and fusion [211]. In the case of SLBs prepared by fusion of vesicles, one
value of D was not sufﬁcient for a satisfactory description of the
measured data. Such situation has been reported in more studies
[71,153,157,183,212]. Dertinger et al. explained the need for incorpo-
ration of an additional slower diffusion into the model by transient
immobilisation of lipid molecules on the surface; they described the
process by a binding/unbinding equilibrium and estimated the
fraction of immobilised molecules [157]. Sharonov et al. speculate
that the slow component may be connected with pore-like defects
arising from the roughness of the glass support [183]. Chiantia et al.
associate the slow diffusion with vesicles or ﬂuorophore aggregates
moving along the surface of the SLB [140,153]. They showed that
scanning of the SLBwith the tip of an atomic forcemicroscope removes
spots of higher ﬂuorescence intensity from the sample and the
autocorrelation functionsmeasured in the cleaned parts of the SLB can
be successfully ﬁtted with a single component model [153]. We
consider the last explanation to be the most realistic one. We also
found evidence for a slow component in a POPC SLB on glass. By Z-scan
FCS we found values 3of diffusion coefﬁcient of the fast and slow
component to be DF=(5.5±0.6) µm2 s−1 and DS=(0.23±0.05)
µm2 s−1 respectively (Macháň, R., unpublished data). The phenome-
non was not reproducible and repeated measurements with newly
prepared samples yielded either single values of D or two components
which did not behave consistently throughout the whole Z-scan
suggesting that the additional slow component is more likely
associated with imperfections of the sample like nonfused vesicles
than with intrinsic properties of the SLBs. A similar effect caused by
vesicles adhered to GUVs has been also reported [213].
5.3. Inter-leaﬂet coupling
Another frequently discussed topic is the frictional coupling be-
tween the two leaﬂets of the bilayer, which becomes important in the
case of SLBs, where each leaﬂet faces a different environment. This
topic was also addressed in the study of Przybylo et al., who concluded
that a strong inter-leaﬂet coupling exists in the SLBs and lipids in both
leaﬂets diffuse with the same velocity [46]. The argumentation was
based on the approximately 2-fold difference in lipid diffusion among
supported (SLBs) and free-standing bilayers (GUVs). In the absence of
strong inter-leaﬂet coupling, the lipids in the distal leaﬂet should
diffuse like lipids in GUVs and the lipids in the proximal leaﬂet would
have to be approximately 4 times slower. Since FCS can reliably dis-
tinguish contributions from molecules which differ at least 1.6–2
times in their diffusion coefﬁcients [132,214], such a large difference
between proximal and distal leaﬂet would result in two distinct dif-
fusion coefﬁcients measured in SLBs. The measured autocorrelationcurves can be, however, ﬁtted successfully with a model with a single
diffusion time, indicating, thus, a strong inter-leaﬂet coupling. Zhang
and Granick arrived to the same conclusions when they selectively
quenched the ﬂuorophores in the distal leaﬂet by iodide [124,203,
215]. They acquired evidence for a strong inter-leaﬂet coupling in SLBs
on quartz prepared both by vesicle adsorption and fusion and by
Langmuir–Blodgett technique; the same effectwas reproduced in SLBs
on polymer cushions [215]. Further evidence for strong inter-leaﬂet
coupling was obtained by SPT in polymer-tethered bilayers and by
FRAP in SLBs on glass [47,53]. On the other hand, some authors found
two distinct values of D, which they attributed to independent dif-
fusion in the individual leaﬂets [44,45]. Scomparin et al. observed by
FRAP that approximately one half of the tracermolecules in Langmuir–
Blodgett SLBs on mica diffused with approximately 5 times lower D
[45]. The effect might be possibly also explained by some of the mech-
anisms discussed in the previous paragraph (Section 5.2); the same
study reports a single value of D (similar to the faster component on
mica) in Langmuir–Blodgett SLBs on glass and only a smaller popu-
lation of slower molecules when the SLBs on glass were prepared by
adsorption and fusion of vesicles.
5.4. The choice of tracer molecules
FCS, FRAP and SPT measure diffusion coefﬁcients of (usually
ﬂuorescently) labelled tracer molecules, which are assumed to mimic
exactly the diffusion of membrane lipids. That assumption can be
justiﬁed by the free area theory (see Section 2) and the inﬂuence of
the choice of the tracer molecule is usually not discussed in detail.
Fluorescent tracers used in FCS in lipid membranes are usually chosen
among molecules with high photostability and molecular brightness,
which are similar to membrane lipids in their structure and physico-
chemical properties [64]. Typical examples are ﬂuorescent lipid
analogues belonging to the family of long-chain dialkylcarbocyanines,
like DiD, DiI, DiA and DiO (Invitrogen, Carlsbad, CA) or lipids cova-
lently labelled with ﬂuorophores such as Bodipy, Rhodamine or Atto
(Invitrogen; Avanti Polar Lipids, Alabaster, AL and Atto-TEC, Siegen,
Germany). Chiantia et al. compared diffusion of several ﬂuorescent
tracers in SLBs on mica and found differences among them, which
were especially pronounced in the liquid disordered phase of the
bilayer and correlated with the electrostatic charge of the tracers.
Positively charged tracers like DiD and DiO exhibited slower diffusion
than neutral Bodipy labelled lipids, suggesting that electrostatic inter-
action with the negatively charged mica surface may be responsible
for the effect [153]. The fact that interaction of tracer molecules with
the support is responsible for observed differences is supported by
independence of measured D on choice of tracer reported elsewhere
[216]. On the other hand, Bodipy moieties have been shown to prefer
the polar region of the bilayer [217]; Bodipy in tail-labelled lipids has,
therefore, a tendency to loop back to the surface perturbing the local
lipid order and increasing free area required for a tracer molecule
[212]. The values of diffusion coefﬁcient of DiD and both Bodipy
headgroup- and tail-labelled lipids in SLBs on mica, reported by
Przybylo et al., were equal within the experimental error [46].
5.5. Membrane composition and inhomogeneities
The hydrophobic chains have been found to be the part of the lipid
molecules with the largest impact on their dynamical properties; it is
the length and saturation of the chains that determine the phase of the
bilayer at given temperature. Order of lipid packing within the bilayer
increases with the efﬁciency of van der Waals forces among lipid acyl
chains, which in turn depends on the chain length. Tighter packing
of lipids reduces the free area available in the membrane for lipid
diffusion and, thus, reduces the diffusion coefﬁcient. Dependence of
D of unsaturated glycero-phospholipids in liquid phase Lα on their
chain length follows the pattern outlined above [216]. Sterols such as
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impact on dynamics of membrane lipids. Addition of cholesterol to
membranes in liquid state Lα results in slowing down the lipid dif-
fusion without any phase transition [29,129,216,218,219]. This effect
is explained by reduction of free area because of tighter lipid packing
facilitated by cholesterol [18,91]. Measurements in membranes of
various lipid composition showed that the interaction with choles-
terol practically does not change with chain length, but it is sensitive
to acyl chain saturation being stronger in the case of saturated chains
[216,220]. On the other hand, addition of cholesterol to lipids in gel
phase Lβ increases lipid ﬂuidity by breaking the network of lipid–lipid
interactions and creating a ﬂuid-like phase called liquid ordered phase
Lα
o [29,202,216,219]. While lipids in gel phase membranes are almost
immobile and FCS measurements of their mobility are hardly possible
because of extensive photobleaching, diffusion in liquid ordered phase
is readily accessible by FCS [129,202,212,221]. The weaker ﬂuidizing
effect of cholesterol in the case of sphingolipids than of glycero-
phospholipids of a comparable chain length originates probably from
strong network of hydrogen bonds created by sphingolipids [29,216].
Cholesterol also modulates the phase separation in mixtures of lipids
above and below main phase transition. Domains of liquid ordered Lαo
and of liquid disordered Lαd phase differing in dynamical properties and
lipid composition coexist in certain range of cholesterol concentra-
tions. With growing cholesterol content, diffusion in Lαd domains is
getting slower, while diffusion in Lαo is growing faster, until the phase
separation disappears above certain cholesterol content. Further
increase in cholesterol concentration decreases the diffusion coefﬁ-
cient in the single phase. Dynamic properties in the whole phase
diagrams of ternary lipid mixtures can be, thus, investigated by FCS
[29,202,219,220,222,223].
Rafts in cellular membranes are known to be enriched in choles-
terol and sphingolipids; lipid dynamics and partitioning in mixtures
containing those components is extensively studied in order to gain
understanding of processes governing organization of biological
membranes [5,28,216,224–226]. Schwille and co-workers using FCS
have gained a deep insight into the dynamical properties of phase
separated model membranes, which facilitates understanding of ex-
periments in living cells [16,155,221,227–229]. Since the size of rafts
in cellular membranes is below the resolution of optical microscopy
[103,230,231], measurements of diffusion in individual rafts are not
possible and rafts appear as obstacles hindering the diffusion. FCS can
detect their presence by diffusion laws measurements [103,105,232]
and, using the values of diffusion coefﬁcient in raft-like domains of
model membranes, information on raft sizes can be extracted [105].
Reduction of detection area size attained by the use of zero-mode
waveguides [103,174] or stimulated emission depletion (STED)micro-
scopy [136,233] allows more detailed investigation of hindered dif-
fusion by reaching the conditions when the measured diffusion does
no more appear to be free. By this approach, Wenger et al. and Egge-
ling et al. obtained evidence for rafts of diameters between 20 and
40 nm in plasma membranes of living cells. Depletion of cholesterol
resulted in free diffusion even at the smallest achievable detection
areas indicating that the hindrance of diffusion was indeed caused by
cholesterol enriched rafts [103,233].
5.6. Inﬂuence of proteins and peptides
Membrane proteins also act as obstacles to lipid diffusion. It
has been known for a long time that increasing the concentration of
proteins decreases the diffusion coefﬁcient of lipids and also of the
proteins themselves showing that protein and lipid mobility in the
membrane are strongly connected [93,234]. A recent Z-scan FCS study
of bovine prothrombin binding to SLBs shows that prothrombin
diffuses slower than lipids, but the diffusion coefﬁcients of prothrom-
bin and of lipids decrease in a similar manner with increasing proth-
rombin concentration. Furthermore, the difference inD between lipidsand prothrombin is growing with increasing content of dioleoyl-
phosphoserine (DOPS) in the bilayer [159]. Forstner et al. investigated
the binding of cholera toxin subunit B to dimyristoyl-phosphocholine
(DMPC) SLBs containing ganglioside GM1. The decrease in Dwasmost
pronounced close to the main phase transition of the lipids, when the
crosslinking of GM1 by cholera toxin has the greatest impact on lipid
order [109].
Binding of some antimicrobial or cytolytic peptides to lipid mem-
branes also results in decrease of D of lipids. The presence of the
peptide is not the only cause for the change in D in this case since
antimicrobial and cytolytic peptides are known to create pores
or other perturbations in the membranes [235–237]. Sheynis et al.
reported a decrease in D caused by melittin and magainin II, but no
effect of an artiﬁcial peptide KAL (KKA(LA)7KK), which corresponds to
the deeper insertion and smaller surface effects of KAL [238]. We have
observed a decrease in D to approximately 60% of its original value
after the treatment of a SLB (POPC/POPG=7/3) with 1 µM melittin.
The conclusion that pores are responsible for the large decrease is
supported by a signiﬁcant loss of lipids from the bilayer [200]. A large
decrease in Dwas also observed in SLBs treated with 1 µM cryptdin-4
[161]. Removal of cryptdin-4 from the sample by washing it with an
excess of a clean buffer resulted in a partial recovery towards original
values of D. Washing away melittin, however, did not change the D
suggesting a difference in membrane perturbations induced by the
two peptides [161,200]. A recent study investigated by FCS poly-lysine
binding to free-standing lipid membranes (spread over an aperture in
polytetraﬂuoroethylene septum) and its inﬂuence on lipid diffusion
[33]. The effect depended on number of lysine units in the polymer
and an evidence for strong inter-leaﬂet coupling of polymer diffusion
was found.
6. Concluding remarks
FCS and its numerous variations (Z-scan FCS, 2-focus FCS, scanning
FCS, etc.) represent a very versatile set of experimental techniques for
investigation of lipid lateral mobility in planar membranes and as
such form an indispensable tool of current membrane biophysics.
Gradual improvements of the technique, especially avoiding the need
for an external calibration, havemade the results of FCS a reliablemea-
sure of lateral mobility of lipids. The persistent signiﬁcant variance of
results found in literature (see Table 1) arises from the sensitivity of
lipid lateral diffusion to the model system used, composition of the
aqueous phase and other experimental conditions. This fact should be
kept in mind and direct comparison of diffusion coefﬁcients measured
under different conditions should be avoided. A few general con-
clusions can be drawn from the published results of FCS, namely that
the presence of solid support reduces the lipid diffusion coefﬁcient in
SLBs approximately 2 times in comparison to free-standing bilayers,
that the diffusion in both leaﬂets of the bilayers is strongly coupled
and that lipid packing, which is modulated mainly by the lipid acyl
chains and presence of sterols, is the fundamental parameter govern-
ing lateral mobility of lipids. An advantage of FCS and other methods
for lateral diffusionmeasurement based on optical microscopy is their
ability to measure directly in living cells, which is very important for
direct comparison between cellular and model membranes, since the
choice of experimental technique and conditions of the experiment
can inﬂuence the results signiﬁcantly. FCS, thanks to its relative ex-
perimental simplicity and broad applicability, will certainly continue
to play an important role in elucidating the structure and dynamics of
biological membranes.
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